It is important to understand the nature of formic acid (HCOOH) adsorption on transition metal surfaces so as to elucidate the mechanism of its decomposition in direct HCOOH fuel cells. Despite the overwhelming interest, not much is known about the adsorption behaviour of HCOOH on Pd (111) surfaces. This work presents a theoretical study of monomeric HCOOH adsorption on Pd(111) surfaces in the gas phase. The stable configurations of the adsorbed molecules on the surface are displayed, with some omitted in previous studies. Our calculations show that the most stable configuration is that with the hydroxyl O and H on C in HCOOH binding to the surface. The modes of adsorption of HCOOH dimer are presented on Pd(111) for the first time. It is found that both the monomer and dimer of HCOOH weakly interact with the surface. Our results are intended to provide valuable insights to understand the reactivity of HCOOH on Pd(111).
INTRODUCTION
Formic acid (HCOOH) has been proposed as one of the most promising potential hydrogen-carrier materials for low-temperature fuel cell applications [1, 2] . Direct HCOOH fuel cells have been considered as power sources for their diverse advantages, such as limited fuel crossover, high energy density, and facile availability of fuel [3] . Numerous experimental [4] and theoretical [5] studies have been carried out on the adsorption and reactions of HCOOH on transition metal surfaces to provide an important input to understand its electrocatalytic oxidation mechanism. Generally, electrocatalytic oxidation of HCOOH is thought to follow a dual-pathway mechanism consisting of indirect and direct routes [4] [5] [6] . The indirect pathway involves the formation of CO followed by its subsequent oxidation to CO 2 . In contrast, the direct pathway proceeds to CO 2 . Chen et al. [7] reported that direct oxidation of a weakly adsorbed HCOOH molecule to CO 2 is the dominant reaction pathway in electrocatalytic oxidation of HCOOH. This raises the question as to what is the behaviour of weakly adsorbed HCOOH and how would it decompose to CO 2 . Quantum chemistry calculations, especially methods based on density functional theory (DFT), have proven to be an important complementary tool to understand the interaction of small molecules with noble metal surfaces [8] . Recently, Qi et al. [9] studied the www.prkm.co.uk adsorption behaviour of HCOOH on Pt(111) surfaces. They gave several new adsorption configurations of HCOOH and provided an essential input to understand the reactivity of HCOOH on Pt(111). Pd-based catalysts are considered to be more promising in the HCOOH oxidation process than Pt-based ones. Therefore, it is natural to investigate the adsorption of formic acid on Pd catalysts. In general, previous theoretical works have discussed HCOOH decomposition on Pd(111) via the initial geometry where the carbonyl oxygen of HCOOH binds to the top of one Pd atom and the OH group points towards the surface [10, 11] . It is well-known that the initial adsorption behaviour of a reactant might play an important role and even change the entire reaction pathway. There may be many possible adsorption structures of HCOOH on Pd(111), and some may have not been detected previously, resulting in an incomplete picture of the oxidation process. In the present study, we show complete calculations on the adsorption behaviour of HCOOH on Pd(111), which is the basic step to understand the decomposition mechanism of HCOOH.
COMPUTATIONAL DETAILS
The periodic DFT [12, 13] slab calculations with the spin polarised GGA-PBE functional [14, 15] were performed using the CASTEP program [16] . To research the adsorption behaviour of HCOOH on Pd-based materials, we used the most thermodynamically stable Pd(111) surface. The surface was modelled by a p(3 × 3) unit cell ( Figure 1 ) and a 10 Å vacuum zone. During the optimisation, Pd atoms in the topmost layer and adsorbates were allowed to fully relax, while the bottom two layers were fixed in their bulk-truncated structures. The electron-ion interaction was expanded in a plane wave basis set with a cutoff energy of 400 eV. A 2 × 2 × 1 Monkhorst-Pack k-point grid was utilised to compute the integration in reciprocal space. The convergence criteria used for energy and atomic force convergence were 2.0 × 10 -5 eV atom -1 and 0.05 eV Å -1 respectively.
RESULTS AND DISCUSSION

Evaluation of the method
It should be noted that most settings and calculation parameters employed in this work, consisting of the p(3 × 3) supercell, three-layer slab, the energy cutoff of 400 eV, 2 × 2 × 1 www.prkm.co.uk Monkhorst-Pack k-point, and 10 Å vacuum zone, have been confirmed in previous studies [2, 17] to be sufficiently accurate to describe the adsorption energy of a small molecule on a metal surface. To further calibrate the selected method, we provide benchmark calculations for several species involved in the adsorption of HCOOH on Pd(111) surfaces. For the bulk Pd, the calculated lattice constant is 3.92 Å, which is in fairly good agreement with the experimental value 3.89 Å [18] . The calculated angles of H-C-OH, C-O-H, O-C-OH and bond lengths of C-H, C-O, C-OH, O-H in free HCOOH are 109.1, 107.9, 125.7° and 1.105, 1.218, 1.354, 0.986 Å respectively, while the available experimental data are 109.1, 107.3, 125.3° and 1.106, 1.217, 1.361, 0.984 Å [19] , respectively. These data indicate the sufficiency and reliability of the method employed.
HCOOH adsorption on Pd(111)
We first performed an extensive search for an isolated HCOOH molecule on a Pd(111) surface. Several adsorption configurations and different adsorption sites on the surface, consisting of top, bridge, fcc, and hcp sites, were identified and are shown in Figure 2 . Table 1 displays the calculated binding energies and the amount of charge transfer between HCOOH and the surface. The adsorption energy of an adsorbate on a Pd(111) surface is defined as E ad = E adsorbate + E surf -E total , where E adsorbate , E surf , and E total are the energies of free adsorbate, the bare metal slab, and the adsorbed system, respectively. We obtain five typical adsorption configurations for HCOOH on Pd(111) (labelled as a-e). For the most stable configuration (E ad = 0.63 eV), the hydroxyl O and H atom on C bind to the surface with a O-Pd distance of 2.538 Å and a H-Pd distance of 2.483 Å. In structure b, the carbonyl oxygen of HCOOH is bonded on the top site of a Pd atom and the hydroxyl H also points towards the surface. The O-Pd and two H-Pd distances are 2.229, 2.456 and 2.577 Å, respectively. Our value of 0.62 eV for the adsorption energy of HCOOH on the Pd(111) surface is in good agreement with the 0.61 eV computed by Zhang et al. [10] . Structure c has only the C-H bond pointing towards the surface. In www.prkm.co.uk this state, the calculated adsorption energy is 0.42 eV and two H-Pd bond distances are 2.621 and 2.799 Å. In structure d, the carbonyl oxygen and the carbon H simultaneously interact with the surface, where the O-Pd and H-Pd distances are 2.434 and 2.440 Å, respectively. An adsorption energy of 0.35 eV is observed in this configuration. HCOOH in structure e lies parallel to the surface with a lower E ad value of 0.27 eV. The carbonyl O and C atoms approach two neighbouring top Pd atoms, with distances of 2.137 and 2.253 Å, respectively. From Table 1 , it is seen that the amount of charge transfer between the adsorbate and surface is generally small, suggesting a weak interaction between HCOOH and the Pd(111) surface. Based on the above optimised configurations and calculated adsorption energies, it is clear that HCOOH prefers to stand vertically on the surface rather than lie over the surface. The most stable configuration is with the hydroxyl O and H on C in HCOOH binding to the surface. This result is distinctly different from previous studies [11] , where the preferred configuration shows the O atom of the carbonyl binding with a Pd atom on the surface.
Adsorption of dimeric HCOOH on Pd(111)
It should be noted that a dimeric structure of HCOOH can be formed on metal surfaces through intermolecular hydrogen bonding with a formation energy of up to 15 kcal mol -1 [20] , however, few theoretical studies have investigated the adsorption behaviour of dimeric HCOOH on Pd(111) surfaces. Accordingly, a systematic molecular mechanism for the oxidation of HCOOH dimer is still lacking. In this section, we present our investigation about the adsorption behaviour of HCOOH dimers on Pd(111), which is an important step in elucidating the catalytic oxidation mechanism of HCOOH dimers. Three particularly stable adsorption modes for HCOOH dimers on the Pd(111) surface have been calculated in this work, as shown in Figure 3(f)-(h) . The calculated adsorption energies of these three dimers are provided in Table 1 . www.prkm.co.uk
In structures f and g, one formic acid stands vertically towards the surface, while the other lies parallel to the surface. The two formic acid molecules in f stabilise through a single H-O···H-C hydrogen bond, with a bond length of 2.930 Å. The adsorption energy of 2.63 eV is the highest observed in Table 1 . Structure g has a seven-membered ring dimer containing C-H···O=C and O-H···O-H hydrogen bonds (2.905 and 1.819 Å, respectively). The adsorption energy of this configuration is calculated to be 1.56 eV. In structure h, two HCOOH molecules also form a seven-membered cyclic configuration, which is structurally very similar to structure g. However, the dimer plane almost stands vertically on the Pd(111) surface with an even lower E ad value of 1.40 eV.
The above results suggest that HCOOH molecules can form dimers on Pd(111) surfaces in the gas phase. HCOOH molecules prefer to form non-cyclic dimers to cyclic ones. Similar to the adsorption of the HCOOH monomer on Pd(111), the interaction between the HCOOH dimer and the surface is also considered to be weak, as shown by the small amount of charge transfer between the dimer and the surface (Table 1) . Given the present results, we suggest that the oxidation of HCOOH on Pd(111) may start from different adsorption models, such as those discussed above. It should be mentioned that the models are very relevant but are only part of the total picture of the mode of action of the catalyst. To understand the effect of the initial adsorption structure of the reactant in the reaction pathway, in a recent work we gave an account of the steps subsequent to adsorption, which involves a new oxidation mechanism for formic acid on Pd(111) surfaces [5] . However, this study omitted some adsorption structures developed in the present work, resulting in the incomplete knowledge of HCOOH oxidation on Pd(111). It will be interesting therefore to re-examine formic acid oxidation on a Pd(111) surface, and it will be investigated in a further study.
CONCLUSIONS
We have presented a theoretical study of the modes of adsorption of the monomer and dimer of HCOOH on a Pd(111) surface in the gas phase. Our results show that both the monomer and dimer of HCOOH weakly interact with the surface. It is found that HCOOH prefers to stand vertically on Pd(111), and in the most stable adsorption configuration the hydroxyl O and H on C in HCOOH bind to the surface. Dimeric HCOOH molecules prefer to form non-cyclic dimers. The new adsorption configurations of HCOOH on Pd(111) are expected to contribute to our understanding of the catalytic oxidation of HCOOH in DFAFCs. Published online : 6 February 2017 
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